Mexico. Tropospheric water vapor content was high during the experiment, typically yielding wet path delays in excess of 20 cm at zenith. Surface meteorological (SM) and water vapor radiometer (WVR) measurements were recorded at each site, providing independent means of calibrating the GPS signal for the wet tropospheric path delay. Residual wet delays at zenith are estimated as constants and also as first-order exponentially correlated stochastic processes. In addition, the entire wet zenith delay is estimated stochastically without prior calibration. The results of these approaches are compared in terms of day-to-day baseline repeatability and other system performance discriminants. Calibration with WVR data yields the best repeatabilities, of the order of 1-7.5 parts in 108 in the horizontal components of 350-to 650-km baselines with carrier phase data. Further improvement in these results occurs if combined carrier phase and pseudorange data are used. WVR data are important for direct characterization of the wet tropospheric path delays in humid regions. SM measurements, if used with a simple atmospheric model and estimation of residual zenith delays as constants, can introduce significant errors in baseline solutions. However, SM calibration and stochastic estimation of residual zenith wet delays may be adequate for precise estimation of GPS baselines, with a deterioration in repeatability of less than 1-2 cm compared to WVR calibration. Stochastic estimation of the entire zenith wet delay yields comparable repeatabilities, particularly if both carrier phase and pseudorange data are used. Similar analyses of the Owens Valley Radio Observatory-Mojave baseline in California, where zenith wet delays are factors of 3-5 less, show no significant differences among the various tropospheric calibrations.
INTRODUCTION
The first geodetic baseline measurements across the Gulf of California (Mexico) using radio signals from the Global Positioning System (GPS) satellites were acquired in November 1985 through a cooperative effort by many institutions under the direction of the Jet Propulsion Laboratory (JPL), sponsored by the National Aeronautics and Space Administration [Dixon et al., 1988] . The experiment was designed to assess the feasibility and potential accuracy of GPS-based geodesy in the gulf and to establish epoch measurements for part of a (WVR) measurements were taken at each site, providing an opportunity to evaluate their effectiveness for tropospheric calibration. If the troposphere represents the largest contribution to system noise, it is expected that WVRs will yield better results relative to alternate calibration techniques, based on experience with VLBI and covariance studies [Kroger et al., 1986 -1, as well as Seasat altimeter data, which yielded improved height measurements when microwave radiometers were used for calibration [Tapley et al., 1982] .
In this study, the efficacy of WVR calibration of the wet tropospheric path delay is rigorously assessed relative to calibration based on surface meteorological (SM) measurements and to stochastic estimation of the entire wet delay without prior calibration. Once representative values for stochastic parameters describing the wet troposphere in a given region and season are obtained, stochastic estimation may prove an economical alternative to the acquisition of WVR data in future GPS experiments or may allow greater flexibility in the disposition of limited numbers of WVRs among several sites. The analyses are undertaken using only carrier phase data (integrated Doppler) and also using combined carrier phase and pseudorange data. Residual zenith wet path delays, after SM or WVR calibration, are estimated simultaneously with the geodetic parameters at each site as constant offsets or biases spanning the satellite observation periods and alternately as first-order exponentially correlated stochastic processes. Baseline repeatabilities, differences in the mean baseline solutions, consistency of the wet troposphere solutions, and comparison of solutions on a VLBI baseline in southern California provide discriminants by which to evaluate the various wet tropospheric calibration schemes.
TROPOSPHERIC PATH DELAY

Background
Radio wave propagation in the troposphere is nondispersive, and therefore path delays cannot be calibrated by obser- where S is the path length along L. AL includes propagation delays and a contribution due to refractive bending [Dodson, 1986] . The S-G term is insignificant, about 1 cm or less at elevation angles greater than about 15 ø [Resch, 1984] , although it could easily be modeled using ray-tracing techniques. Clearly, the effects of ray bending and horizontal inhomogeneities are more important for slant paths; for observations at zenith, S is equal to G. The atmosphere may be modeled simply as spherically symmetric shells. Model refractivity profiles can be derived empirically from radiosonde measurements of atmospheric parameters at various heights. The path delay itself may be expressed as an empirical function of meteorological measurements. For example, Smith and Weintraub [1953] give the refractivity N, defined by N-(n-1) x 10 6
as a function of total atmospheric pressure P (in millibars), atmospheric temperature T (in kelvins), and partial water vapor pressure e (in millibars):
vations at different frequencies [e.g., Spilker, 1978] . The troposphere contains about 80% of atmospheric mass and nearly all water vapor and clouds [Gill, 1982] . It is also characterized by convective heat transfer, implying the possibility of azimuthal asymmetry. Estimation of tropospheric path delays involves either direct measurement, measurement of other parameters which are related through simple physical or empirical models, or the use of statistical or probabilistic models which fit the spatial and temporal characteristics of the troposphere. A review of the various methods is given by Nahvi et al. [ 1986] . In this study, estimation of the GPS signal delay introduced by propagation through the wet troposphere is undertaken in three ways: (1) use of SM measurements combined with a simple atmospheric model, (2) direct measurements of atmospheric water vapor content using WVRs, and (3) stochastic estimation according to the apparent temporal behavior of the wet troposphere. Although statistical characterization of the troposphere could be based on historical data or previously developed models, the best indicator of short-term tropospheric behavior comes from actual WVR data recorded during the experiment, recognizing that this may be dependent on site, season, and weather. SurJ•tce meteorological measurements. Surface measurements of atmospheric temperature, barometric pressure, and relative humidity can be combined with simple atmospheric models to obtain estimates of the tropospheric path delay at zenith. The relations are briefly summarized in this section.
The Fermat measured path length L e of a radio wave which propagates along a path L through the atmosphere is given by 
This expression is considered accurate to 0.5% for frequencies less than 30 GHz in normal ranges of P, T, and relative humidity [Resch et al., 1985] . The two terms in equation (4) are usually referred to as the "dry" and "wet" components, respectively. Generally, about 90% of the total refractivity is attributable to the dry component. The wet troposphere component is less uniform both spatially and temporally relative to the dry component. It is also more likely to be mismodeled, since the distribution of liquid water and vapor is much less predictable than that of temperature and pressure [Chao, 1973] . Hogg et al. [1981] used radiosonde profiles to measure the short-term (2 min to 1 day) temporal spectrum of precipitable water vapor and showed that to within about 1% accuracy the wet path delay is 6.5 times the total precipitable water vapor' however, the correlation with surface humidity is highly variable according to site and season [Reber and Swope, 1972] .
The dry troposphere refractivity is integrated by assuming hydrostatic equilibrium combined with an equation of state for dry air which relates barometric pressure, temperature, and air density. The corresponding dry path delay is about 220-230 cm at zenith. Moisture effects on density are not usually significant [Gill, 1982] . However, horizontal gradients in the atmospheric temperature at a given elevation can cause gradients in density even if the surface pressure is independent of position [Bender, 1983] . Horizontal gradients in the dry component may occur due to mountain lee winds but in general are thought to be small. Bender [1983] suggests that horizontal variations might be estimated if SM data are taken at various sites in the vicinity of the region of interest [see Gardner et al., 1978' Gibbs and Majer, 1981] .
The dry troposphere model used in this study is a linear function of surface pressure, assuming static equilibrium and the ideal gas law. If these conditions are satisfied, the uncertainty in the zenith dry delay is +2 mm given a precision of + 1 mbar in the surface barometric pressure measurement [Hopfield, 1971] Figure 6 -1]. "Tipping curves" (elevation scans) are used to minimize instrumental error by calibrating with respect to the cosmic blackbody temperature and the expected elevation angle dependence of a homogeneous atmosphere [Claflin et al., 1978] . Equations are formulated to solve for the excess path delay due to water vapor and the integrated liquid content in the atmosphere in terms of apparent brightness temperature [Resch, 1984; Resch et al., 1985] .
WVR measurements may be made by copointing along the line of sight to the radio source (e.g., GPS satellite). Effects attributable to azimuthal variations in water vapor content are then incorporated into the measurements. More commonly, however, repeated tipping curves are performed to obtain a good estimate of the average zenith delay, implicitly assuming azimuthal symmetry. Examples of azimuthal variations in tropospheric water content, which tend to map into horizontal baseline components [Bender, 1983] The model which combines WVR and meteorological data to derive a wet tropospheric path delay is known as the "retrieval algorithm." In the past, the retrieval algorithm has been based on radiosonde data which provide profiles of atmospheric parameters that can be used to calibrate the microwave brightness temperature measurement. Treuhaft and Lanyi [1987] to estimate the effect of tropospheric delays in VLBI measurements. An advantage of a stochastic formulation is that spatial and temporal variations of water vapor can be described mathematically and to some extent predicted over varying spatial dimensions and time scales.
In this study, the time-dependent behavior of the wet tropospheric path delay is modeled as a first-order Gauss-Markov process, which is defined by the differential equation dp/dt = -p(t)/rp + w(t)
where p is the model parameter corresponding to the zenith wet delay, rp is the correlation time of the process, and w(t) is a zero-mean white noise random variable of variance a,• 2
given by the ensemble average of its square (w(t)w(t')) = rtw2rS(t-t')
where angle brackets denote the expectation value operator and g(t-t') is the Dirac delta function. The discrete solution to equation (9) (2)) and are therefore functions of the elevation angle from the ground receiver to the radio source (e.g., GPS satellite). The estimate of the delay appropriate at a given elevation angle can be based on the value at zenith obtained from WVR or SM measurements, combined with simple atmospheric models [e.g., Chao, 1974] . Alternately, the WVR measurements and copointing retrieval algorithms can be used directly, as discussed above.
The tropospheric delay rtrop is expressed as a linear combi- The scatter is the day-to-day repeatability and is a measure of precision.
The analytical method employed here involves simultaneous estimation of satellite trajectories, satellite and receiver clock biases, carrier phase ambiguities, mobile receiver positions, and tropospheric delays at zenith (or residual zenith delays if independent calibration is available) and allows treatments of dynamic Earth model parameters and satellite radiation parameters. The GPS inferred positioning system (GIPSY) software is used, developed at JPL and described by Carrier phase data are used, along with pseudorange data from all sites where available (TI-4100 receivers). SERIES-X receivers were deployed at OVRO and Mojave, and only carrier phase data were obtained at these sites. The time span of data collected at each gulf site is indicated in solutions, which are particularly sensitive to outliers given the small population size. WVR data from these two site days are therefore not used.
CALIBRATION OF WET TROPOSPHERIC PATH DELAYS
Three approaches to calibrating the GPS signal for wet tropospheric path delays are presented (summarized in Table   1 ): scheme I, calibration with SM data combined with a simple atmospheric model [e.g., Chao, 1974] ; scheme II, calibration with WVR data; and scheme III, no a priori calibration, but estimation of the entire wet zenith delay along with the geodetic parameters of interest. In schemes I and II, residual zenith delays are estimated for case a as constant over the satellite observation period at each station with a given a priori uncertainty, or for case b as a first-order exponentially 
DISCUSSION OF RESULTS
Assessment of Tropospheric Calibrations for the Gulf Sites
A comparison of the repeatabilities obtained for the three baselines in the Gulf of California using the various wet tropospheric calibration methods (Table 1) The agreement between cases IIIa and IIIb is surprising but consistent with the small magnitude (generally less than 2 cm and often less than 1 cm) of the steady state deviations obtained from the WVR data (Table 2) (Table 1) indicated that although uncertainties (standard errors) in baseline components decrease by a few millimeters due to the additional data, day-to-day repeatability is significantly worsened (by several centimeters), particularly in the east component. This is attributable to multipath effects. These effects would be worse for pseudorange data because of the higher sensitivity of this data type to multipathing [e.g., Evans, 1986-] . It is tentatively concluded that low elevation data do not yield improved troposphere estimates at this time, presumably because the low-gain, omnidirectional receiver antennae used in this experiment are susceptible to multipath and below-thehorizon refraction. This differs from VLBI, where highly directional antennae are used.
System Precision and Accuracy
In order to assess the maximum achievable precision attributable to correcting for tropospheric effects the optimum tropospheric calibrations demonstrated by this study are applied to the entire eight station network. Thus WVR calibration is used where possible, SM calibration is used elsewhere, and residual zenith delays at each station are estimated stochastically with correlation times of 8 or 16 hours and 2-or 10-cm steady state deviations, respectively, depending on whether WVR or SM data are used for calibration (Table 1) . Both carrier phase and pseudorange data are used where available. These results are shown in Figure 7 . The baseline repeatabilities for east, north, and vertical components range from 2.2 to 3.8 parts in 10 8, 1 part in 10 9 to 1.2 parts in 10 8, and 5.6 to 7 parts in 10 8, respectively. These are improved relative to case IIb, where the optimum (WVR) calibration was applied only at the gulf sites. However, no effort was undertaken to optimize values of the stochastic parameters for the U.S. sites. Furthermore, only a subset of the data have high-quality WVR measurements available (section 4), suggesting that further improvements in system precision and accuracy might be possible if high-quality WVR data were available at all humid sites (including Richmond, Florida).
In addition to day-to-day repeatability, it is desirable to assess the accuracy of the gulf baselines. Of course, this is not possible rigorously without a well-established regional reference frame and independent measurements. Site markers connecting the GPS and satellite laser ranging (SLR) monuments at Cabo San Lucas and Mazatlan have not yet been surveyed. However, it is useful to look at potential systematic shifts in baseline solutions resulting from the various analytical methods. A comparison of Mazatlan to Cabo San Lucas mean baseline solutions for cases Ib, IIb, and IIIb (see Table 1 humid sites, at least for tropospheric conditions similar to those encountered in this experiment and particularly with combined use of carrier phase and pseudorange data.
Two main factors limit the generality of these conclusions and suggest the need for further studies. First, during this experiment the wet troposphere at the gulf sites was remarkably stable over periods of satellite visibility (4-8 hours). This is indicated by the WVR data, the ability to model the wet path delay at zenith simply as a constant at each site, and the overall agreement of the various zenith wet path delay solutions with the mean WVR-based values. Thus the relatively simple atmospheric and stochastic models used in this study can adequately characterize tropospheric effects. WVRs may prove more important in highly variable weather. Second, the WVR data used in this study were not optimum. Older twochannel WVRs were used at two of the gulf sites and may be more susceptible to systematic errors relative to the newer three-channel unit used at Cabo San Lucas (B. L. Gary, personal communication, 1987). The older units are also laboratory systems which were not designed for field use, resulting in lack of data on some days. In addition, WVR data were not available at the Richmond, Florida, fiducial site, which is located in a humid environment. Studies of baseline repeatability in the southern Gulf of California, as a function of fiducial network configuration, indicate that Richmond is a critical fiducial site, presumably because of the added geometric extent of the network [Dixon et al., 1988] . For these reasons, it is likely that tropospheric calibration with WVRs can be improved significantly relative to this experiment. Since tropospheric calibration may be the limiting error source when pseudorange data are available (yielding precision of a few parts in 108), it appears that further improvements in G PS system performance are achievable, even in humid environments, if optimum WVR data are available.
A rigorous assessment of WVR utility in GPS geodesy requires data precision of the order of several parts in 108 or better, depending on tropospheric water content. Otherwise, studies of WVR utility will yield ambiguous results if tropospheric water vapor contents are low or if data reduction techniques are not sufficiently precise to detect correspondingly small tropospheric calibration errors. In such cases, tropospheric errors may not be the limiting error, and other sources (e.g., orbit uncertainties) will likely dominate the error budget. In general, the appropriate treatment of the wet troposphere will depend on the region of interest, on the stability of the troposphere or level of tropospheric fluctuations, and on whether pseudorange data are used in conjunction with carrier phase data. 
